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noncoding RNA; RNA sequencing; hypoxia; inflammation; epithelial injury THOUSANDS of noncoding RNAs are pervasively transcribed from the human genome (14) . Although poorly understood, long noncoding RNAs (lncRNAs), transcripts of Ͼ200 nucleotides long and expressed at low levels in a tissue-specific manner, are emerging as key regulators in biological and pathological processes (7, 9, 29, 60) . Indeed, dysregulation of lncRNA expression occurs in a variety of human diseases, highlighting the need for identifying disease-relevant lncRNAs and studying how their sequences contribute to biological function (21, 22, 29, 43) . However, the role of lncRNAs in renal physiology and disease has not been extensively explored.
Recent studies have shown that lncRNAs participate in regulatory mechanisms such as chromatin reprogramming, cis regulation at enhancer regions, and post-mRNA processing (10, 23, 36, 53) . Although lncRNAs may perform key regulatory actions that are usually expected to be conserved, lncRNA transcripts from syntenic noncoding loci [genomic regions flanked by homologous protein-coding genes (60) ] are not well conserved among species and could undergo species-specific alternative splicing (26, 63) . With these evolutionary characteristics, lncRNAs in human renal disease would thus require their discovery within human cells and tissue.
Previous studies using murine models of renal injury have led to important advances in our understanding of pathological mechanisms in acute kidney injury (AKI) and chronic kidney disease (CKD), emphasizing the roles of hypoxia and inflammation in both processes (2, 4, 6, 20, 24, 25, 27, 30, 34, 46, 49, 57) . However, these studies were mostly limited to the proteincoding domains of the genome. Emerging evidence suggests that the human inflammatory response at the genomic level differs significantly from that seen in murine models despite a high degree of protein-coding conservation between the human and mouse (54) . Although many factors may contribute to this phenomenon, lncRNAs, many of which are species -specific, may represent an important missing link between animal models of injury and human disease. For example, a lncRNA found to be highly upregulated in a mouse model of renal fibrosis is not expressed in humans (64) , suggesting that renal injury in mice involves genomic regulatory pathways not necessarily seen in humans, and vice versa. Thousands of human lncRNAs have been discovered (7, 29) , but their cell-specific roles have yet to be fully defined.
To characterize the human lncRNA landscape in a renal injury model system, we performed unbiased transcriptomic profiling through RNA sequencing to identify lncRNAs that have altered expression in renal proximal tubular epithelial cells (PTECs) under hypoxic and inflammatory conditions. To help prioritize lncRNAs with human translational potential for further study, we evaluated which hypoxia-and/or inflammation-modulated lncRNAs are present in human proximal tubule samples. We then determined whether expression of these lncRNAs in PTECs changes upon exposure to plasma of critically ill sepsis patients with AKI, since sepsis is characterized by both severe immune dysregulation and tissue hypoxia from septic shock. In the present study, we report the first comprehensive lncRNA profiles of human PTECs in stress models relevant to acute and chronic renal injury and examine their genomic features.
MATERIALS AND METHODS
Culture of human PTECs. Immortalized HKC-8 cells (51) were cultured in DMEM-nutrient mixture F-12 supplemented with 5% FBS (GE Life Sciences), 1% insulin-transferrin-selenium (Invitrogen GIBCO), and 0.1% Primocin (Invivogen) and incubated at 37°C and 5% CO 2. STR profiling confirmed that the HKC-8 line was not contaminated with other known cell lines (Promega, American Type Culture Collection), and the cell line was confirmed to be mycoplasma negative. For the hypoxia experiments, HKC-8 cells serum starved for 24 h at 85% confluence in six-well plates were placed in anaerobic chamber bags (Becton Dickinson) that induced hypoxic conditions at 0.1% O 2 per the manufacturer's protocol, with hypoxia confirmed through immunoblot analysis for hypoxia-inducible factor (HIF)-1␣ (Novus). For the cytokine treatment experiments, serum-starved HKC-8 cells at 85% confluence were treated with a cytokine cocktail consisting of 50 ng/ml IL-6, 50 ng/ml TNF-␣, and 20 ng/ml interferon-␥ (Peprotech) to mimic systemic inflammation rather than induce one specific inflammatory pathway. Based on our initial dose-response experiments, the lowest concentrations that evoked increased mRNA expression of inflammatory genes without evidence of cell toxicity were chosen (data not shown). Cells treated for 12, 24, and 48 h underwent RNA isolation (see below). Hypoxia and cytokine treatment experiments were performed in triplicate at least three times; RNA sequencing was performed on unpooled samples collected from three separate experiments. Experiments in which HKC-8 cells were treated with human plasma used samples from patients with severe sepsis enrolled in the Molecular Epidemiology of Severe Sepsis in the ICU (MESSI) study, a single-center prospective observational cohort of individuals with severe sepsis (45, 52) , or control plasma pooled from healthy volunteers recruited to the GENE study (18, 41) . These cohorts were recruited under protocols approved by the Institutional Review Board of the University of Pennsylvania. HKC-8 cells serum starved for 24 h at 85% confluence in 12-well plates were washed and then incubated for 12 h in 10% unpooled plasma from AKI or non-AKI MESSI patients or pooled plasma from control GENE subjects. To prevent fibrin formation during plasma treatment of cells, 1 unit of heparin (Sigma-Aldrich) was added to each well. After treatment, cells were washed with PBS and collected for RNA isolation. Treatment of HKC-8 cells with human plasma samples was performed in three separate experiments revealing reproducible inflammatory effects [e.g., increased mRNA expression of IL-6 and TNF-␣-induced protein 3 (TNFAIP3) by quantitative realtime PCR; data not shown]; quantitative real-time PCR for lncRNA expression was performed on cells collected from the third experiment.
RNA isolation, library preparation, and RNA sequencing. Total RNA was isolated from HKC-8 cells using the miRNeasy kit and underwent on-column DNase treatment (Qiagen). RNA used for RNA sequencing had a minimum RNA integrity number of 9.5 (Agilent 2100 Bioanalyzer). Because a large portion of lncRNAs are polyadenylated (14, 41, 60) , strand-specific barcoded libraries for RNA sequencing were generated from the polyadenylated fraction of RNA using the TruSeq Stranded mRNA Library Prep Kit (Illumina) according to the manufacturer's protocol with the following modifications: 1) the fragmentation time was decreased from 8 to 6 min to ensure libraries were Ͼ100 bp long and 2) PCR amplification was limited to 12 cycles to avoid bias from PCR "jackpot" mutations. Library length and concentration were evaluated with the Agilent 2100 Bioanalyzer and PCR quantification (KAPA) and pooled at 2 nM for massively parallel sequencing (2 ϫ 100 bp) performed on the HiSeq 2500 (Illumina). On average, we obtained ϳ32 million filtered reads per sample (see below) with Ͼ85% reads uniquely mapped to the human genome.
Transcriptional expression analysis. The overall workflow is shown in Fig. 1 . Sequencing data were aligned to the hg19 reference genome using STAR 2.3.0e (15) under default options. The following filtering steps were applied: each read was uniquely mapped, and a pair of reads were mapped to the same chromosome with expected orientations and a mapping distance of Ͻ500,000 bp between the two reads. All subsequent analyses were performed on filtered alignment files. Transcripts were annotated using publicly available datasets from RefSeq (50) for protein-coding regions and GENCODE 19 (13) and the Human Body Map LincRNAs (7) annotation for long noncoding genes. Because the coding status of previously annotated lncRNAs can change based on updated publicly available data, annotated lncRNAs in our RNA sequencing data set underwent further filtering steps, including evaluation of coding potential with iSeeRNA and presence of a Pfam domain (19, 55) . To increase confidence that a transcript was noncoding and not an extension of a novel proteincoding isoform, the 1-kb region flanking each candidate transcript was examined for the presence of Ն10 reads in Ͼ50% of samples; if such reads were present, the transcript was considered as protein coding and excluded from lncRNA analyses. The list of filtered lncRNAs was then manually curated to ensure that no protein-coding transcripts were annotated in the same locus on the same strand as a lncRNA. The abundance of each RNA transcript was measured in fragments per kilobase of exon per million reads mapped (FPKM) using Cufflinks 2.1.1 (58) . Differential expression (DE) between control and stimulation conditions was tested with Cuffdiff (58) . Genes and lncRNAs with a false discovery rate-adjusted P value of Ͻ0.05 and a fold change of Ͼ1.5 were considered as differentially expressed. Data were deposited in the GEO repository (GSE70544). Gene ontology (GO) analysis was performed using Ingenuity Pathway Analysis software (Qiagen).
Conservation and synteny analysis. Many functional lncRNAs are known to have synteny [genomic regions flanked by homologous protein-coding genes (60)] despite low sequence similarity across species (26, 47, 61) . We examined the synteny of lncRNAs in the mouse using HomoloGene release 68 (http://www.ncbi.nlm.nih.gov/ homologene). The neighboring genes of lncRNAs in human were identified, and the homologous genes were searched in HomoloGene. If homologous genes in the mouse were found for the two nearest neighboring genes in the human, we considered the lncRNA syntenic. For syntenic lncRNAs, we evaluated their sequence conservation using BLASTN (8) . The human lncRNA sequence was queried against the mouse genome with an E-value cutoff of 1e Ϫ10 . Any hits in the mouse within the syntenic region were then searched in human with the same E-value cutoff. Sequences that passed the reciprocal steps were conserved. These conserved sequences were then queried in the University of California-Santa Cruz Genome Browser (https:// genome.ucsc.edu) using GENCODE M4 to assess whether they were publicly annotated mouse lncRNAs.
Quantitative real-time RT-PCR. Total RNA was isolated as described above. Reverse transcription was performed from 1 g total RNA per sample using the High Capacity RNA to cDNA Master Mix kit (Applied Biosystems, Life Technologies). Quantitative real-time RT-PCR was performed in a total volume of 10 l on the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, Life Technologies) using SYBR green PCR mix (Bio-Rad; primers were obtained from IDT and are shown in Supplemental Table S1 in the Supplemental Material).
1 Unless otherwise indicated, each transcript's cycle threshold (Ct) value was normalized to the ACTB Ct value for each sample, and a transcript's relative expression was determined through the 2 Ϫ(⌬⌬Ct) method. Nuclear and cytoplasmic RNA fractionation. For localization of lncRNAs prioritized for further study, unstimulated HKC-8 cells underwent subcellular fractionation using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific) with the addition of RNase inhibitor (Invitrogen) to the lysis buffers. Total RNA was then isolated from each subcellular fraction using the miRNeasy kit (Qiagen). Quantitative real-time RT-PCR was performed for the lncRNAs in each fraction, with normalization of each fraction to the mean C t of U6 and GAPDH combined. To ensure each subcellular fraction had only limited cross-contamination, relative U6 and GAPDH levels were measured separately to confirm their abundance in the nuclear and cytoplasmic compartments, respectively.
Statistical analysis. Nonsequencing data were analyzed with GraphPad Prism 6 (GraphPad Software) and are shown as means Ϯ SD. Statistical differences between groups were determined in a pairwise fashion using a nonparametric Mann-Whitney U-test. The correlation coefficient of expression levels for genes differentially expressed in both hypoxia and cytokine treatments were assessed using Spearman's rank correlation.
RESULTS

Transcriptomic response of PTECs in hypoxic and inflammatory stress.
To assess the transcriptomic response of PTECs to stressors related to renal epithelial injury, we performed RNA sequencing on HKC-8 cells that were subjected to hypoxia, treatment with multiple cytokines associated with clinical AKI and/or in vitro PTEC injury (IL-6, TNF-␣, and interferon-␥) (4, 11, 31-33, 40, 56) , or control conditions. The hypoxic response to cell culture conditions was confirmed with translocation of the HIF-1␣ protein to the nucleus and induction of HIF-1␣ target genes evaluated by quantitative PCR, including solute carrier (SLC)2A1 (P Ͻ 0.001), VEGF-A (P Ͻ 0.001), and angiopoietin-like 4 (P ϭ 0.02; Fig. 2A ). Treatment of HKC-8 cells with the cytokine cocktail resulted in the induction of genes relevant to the innate immune response, including increased expression of IL-6 (P ϭ 0.01), chemokine (C-C motif) ligand 5 (P ϭ 0.04), and TNFAIP3 (P ϭ 0.10; Fig.  2B ).
We found a total of 12,275 expressed protein-coding genes and lncRNAs. Hypoxic conditions led to the DE of 2,731 protein-coding genes, whereas cytokine treatment induced the DE of 3,725 protein-coding genes ( Fig. 2C) , with 1,016 (8.6% of all expressed protein-coding genes and 18.7% of DE protein-coding genes) DE in both hypoxic and inflammatory conditions (Fig. 2C ). Among these, 79 had a more than threefold change of expression (Fig. 2D, green) , with Spearman's ϭ 0.36 between expression levels induced by hypoxia and cytokine treatments (P ϭ 0.001). Ingenuity pathway analysis of GO terms revealed that these 79 genes are involved in functions relevant to cell death, septic shock, the phagocytic response, mitochondrial integrity, and angiogenesis (Fig. 2E) . However, GO analysis of the full sets of DE genes revealed distinct expression profiles for hypoxia-treated cells and for cytokine-treated cells. Hypoxia modulated genes related to anerobic metabolism not regulated in response to cytokine treatment, whereas cytokine treatment led to the DE of genes in certain immune response pathways not changed by hypoxia (Fig. 2E) . In summary, hypoxia and cytokine treatment induced distinct transcriptomic responses, with a modest fraction (ϳ19%) of genes dysregulated in both conditions involved in pathways relevant to cellular injury.
Hypoxia and cytokine stimulation induce distinct lncRNA signatures. After finding in our RNA sequencing experiments that the protein-coding transcriptomic landscape was mostly distinct for hypoxia-stimulated and cytokine-stimulated HKC-8 cells, we probed whether the lncRNA landscape also differed between these experimental stress conditions. Our RNA sequencing data revealed that 667 publicly annotated lncRNAs, including antisense transcripts and long intergenic noncoding RNAs (lincRNAs), are expressed in HKC-8 cells (Supplemental Tables S3 and S5 ). Although hypoxia and cytokine treatment of HKC-8 cells induced DE of approximately the same number of lncRNAs (Fig. 2C) , only 14 (2% of total expressed lncRNAs and 7.2% of all DE lncRNAs) overlapped between conditions, with 5 of these DE in concordant directions ( Table 1 ). The 100 lncRNAs modulated by hypoxia were located in loci adjacent to protein-coding genes involved in many pathways, including those for Wnt/␤-catenin signaling, ATP metabolism, vitamin D receptor activation, and cellular differentiation (Table 2 ). In contrast, the 106 cytokine DE lncRNAs were located in loci adjacent to protein-coding genes involved in inflammation-specific pathways, including cytokine and innate immune signaling (Table 2) . Thus, hypoxic and inflammatory stimulations induce DE of distinct sets of lncRNAs, with limited overlap (ϳ7%) of DE lncRNAs, located in loci specific and directly relevant to the experimental stress condition. Fig. 2 . A: for hypoxia-stimulated HKC8 cells, upregulation of hypoxia-inducible factor (HIF)-1␣ targets was confirmed by quantitative real-time PCR for the listed genes (*P Ͻ 0.05 and **P Ͻ 0.001). HIF-1␣ stabilization and translocation to the nucleus was confirmed by HIF-1␣ immunoblot analysis of nuclear fractions of HKC-8 cells exposed to hypoxic conditions. Immunoblot analysis for control ␤-actin was performed on whole cell lysates. GLUT, glucose transporter; ANGPTL4, angiopoietin-like 4. B: for cytokine-treated HKC8 cells, upregulation of inflammatory genes was confirmed by quantitative real-time PCR (*P Ͻ 0.05). CCL, chemokine (C-C motif) ligand; TNFAIP3, TNF-␣-induced protein 3. C: hypoxia and cytokine treatment of HKC-8 cells induced many differentially expressed (DE) protein-coding genes and lncRNAs with only a small fraction of DE transcripts overlapping in both conditions. D: scatterplot of log2 fold changes in the expression of protein-coding genes expressed in each stimulation condition revealed that most transcripts were specifically DE in one condition or another. Blue dots represent transcripts DE in hypoxia only; red dots represent transcripts DE in cytokine treatment only; green dots represent transcripts DE in both conditions; gray dots are transcripts not DE in either condition. E: Gene Ontology (GO) analysis for each injury model or both revealed the induction of DE genes in pathways and functions listed on a Ϫlog(P value) scale. Pathways and processes are color coded according to groups of function: cellular viability and motility (black), inflammation (red), metabolism (green), vascular biology (blue), and transcriptional regulation (purple).
Prioritization of LncRNAs relevant to human renal epithelial injury.
LncRNAs DE under hypoxic or inflammatory stimulation were prioritized for further study according to three separate criteria. First, to focus on noncoding RNAs most strongly modulated by hypoxia or cytokine treatment, we selected from our RNA sequencing data set the most abundant lncRNAs (FPKM values Ͼ 1 in either control or stimulation conditions) and prioritized for further study those with a greater fold change in expression (top 30th percentile) after either hypoxic or cytokine stimulation (Supplemental Tables  S2 and S4) . Next, to ensure that the candidate lncRNAs were indeed relevant in the human kidney, we examined whether they were expressed in human kidney tissue. Finally, to aid our prioritization of lncRNAs for further study, we evaluated whether exposure of human PTECs to plasma of critically ill sepsis patients with AKI, a method previously shown to induce PTEC injury (44) , modulated their expression.
Based on these criteria, three hypoxia-or inflammationmodulated lncRNAs were prioritized: MIR210HG, linc-ATP13A4-8, and linc-KIAA1737-2. All three lncRNAs were present in human kidney tissue with detectable expression (mean FPKM values ranging from 0.61 to 4.38) in microdissected proximal tubules isolated from T0 biopsies of healthy kidney transplant allografts (GEO Accession No. GSE60119; Table 3 ) (39), indicating that their expression is not limited to the in vitro setting. As expected, known proximal tubular protein-coding marker genes, such as SLC36A2 (mean FPKM: 37.321), ␥-glutamylcyclotransferase (mean FPKM: 27.030), and intestinal alkaline phosphatase (mean FPKM: 7.144) (3, 16, 48) , are expressed at higher levels in these tissue samples. Linc-ATP13A4-8 is also annotated as kidney specific in healthy human kidney tissue (7).
To probe which lncRNAs are potentially modulated by in vivo AKI-relevant stress, we treated PTECs with plasma collected from septic patients with AKI, septic patients without AKI (Table 4) , and healthy human subjects, the characteristics of whom have been previously described (18) . Culture of PTECs with plasma from critically ill AKI patients has been shown to induce more severe cellular injury than in vitro exposure to plasma from non-AKI patients (44) . Thus, to prioritize further which lncRNAs may be most relevant to human renal epithelial injury, we examined which noncoding RNAs were induced by PTEC exposure to AKI plasma. Sepsisassociated AKI, rather than CKD, was selected as the most cogent disease process to test because more pronounced differences in circulating stressors of relevance to the pathophysiology of renal injury, including hypoxia and severe inflammation, were expected between disease and control plasma. Indeed, compared with cells treated with healthy plasma or septic non-AKI plasma, cells treated with plasma from septic patients with AKI showed a trend toward increased MIR210HG, linc-ATP13A4-8, and linc-KIAA1737-2 expression (Fig. 3) , lncRNAs that were DE by hypoxia or inflammatory stress.
These three lncRNAs were markedly induced by either hypoxia (MIR210HG and linc-ATP13A4-8) or cytokine treatment (MIR210HG and linc-KIAA1737-2). Genome browser views of RNA sequencng reads for these three lncRNAs during hypoxia or cytokine treatment and respective controls are shown in Fig. 4 . MIR210HG was induced by hypoxia, with its quantitative PCR-validated expression peaking at 24 h in a time-course experiment (Fig. 4A) . The expression of microRNA-210, which is transcribed from the intronic region of MIR210HG, was also increased (Ͼ30-fold) by 48 h of hypoxia (data not shown). MIR210HG is not, however, an experimentally observed or predicted binding target of microRNA-210 (http://bioinfo.life.hust.edu.cn/lncRNASNP and Qiagen Inge- LncRNA, long noncoding RNA; lincRNA, long intergenic noncoding RNA. The q value is the false discover rate-adjusted P value. nuity Pathway Analysis). In contrast to its response to hypoxia, expression of MIR210HG was barely modulated by cytokine treatment. Linc-ATP13A4-8, like MIR210HG, had its peak induced expression at 24 h after the onset of hypoxia (Fig. 4B) . Linc-KIAA1737-2, induced only by cytokine treatment, continued to rise (Ͼ40-fold increase) after 48 h of cytokine stimulation (Fig. 4C) . In summary, MIR210HG, linc-ATP14A4-8, and linc-KIAA1737-2 exhibit distinct induction patterns under hypoxic and inflammatory conditions, are confirmed to be present in human proximal tubules, and may also be modulated by plasma of AKI patients.
Conservation and synteny of MIR210HG, linc-ATP13A4-8, and linc-KIAA1737-2.
Because lncRNA transcripts tend to be species specific with a lower degree of conservation than protein-coding genes (26, 60), we evaluated the human specificity of MIR210HG, linc-ATP13A4-8, and linc-KIAA1737-2 by looking in the mouse for sequence conservation and synteny (i.e., homology of flanking protein-coding genes at noncoding loci). PhastCons scoring for each chromosomal position is represented by the conservation track (labeled MT in Fig. 4 , A-C) in the genome browser views of each lncRNA. MIR210HG had 87.2% conservation of a specific 148-nt sequence in a syntenic region flanked by Ras-associated domain family (NH 2 -terminal) member 7 and PHD and ring finger domains 1. However, no known lncRNAs are publicly annotated in this syntenic region in the mouse genome. Linc-ATP13A4-8 had 80.6% conservation of a 206-nt region and is located in a syntenic region flanked by hairy and enhancer of split-1 and carboxypeptidase N polypeptide 2. This specific sequence also does not overlap any known mouse lncRNAs but is within 10 kb of noncoding transcript Gm26562. Linc-KIAA1737-2 did not have sequence conservation in the mouse but did, along with two other human lncRNAs, have synteny between chromosome 14 open reading frame 166 and interferon regulatory factor 2 binding protein-like, nearby proteincoding genes in the mouse. This syntenic region contains noncoding transcript Gm25888 in the mouse, although it is unclear which of the three human lncRNAs may share functional conservation with this mouse lncRNA. This degree of sequence conservation within syntenic regions with the mouse is greater than for the majority of human lncRNAs (26, 47) , suggesting potential evolutionary conserved functions (60, 61) of the syntenic regions of these PTEC-expressed lncRNAs.
Localization and regulatory landscape of MIR210HG, linc-ATP13A4-8, and linc-KIAA1737-2. LncRNAs can play important roles via transcriptional or posttranscriptional regulation depending on their primary intracellular location. To determine whether these lncRNAs are enriched in the nucleus or cytoplasm, we evaluated their relative abundance in the nucleus versus cytoplasm by subcellular fractionation followed by quantitative PCR. MIR210HG and linc-KIAA1737-2 were located primarily in the nucleus, whereas linc-ATP13A4-8 was expressed with equal abundance in both compartments (Fig. 5A) .
We evaluated their genomic loci for epigenetic marks consistent with active transcription as well as for enhancer region marks that also might indicate whether these lncRNAs could be involved in transcriptional regulation. Using publicly available human adult kidney histone modification data (37), we found that MIR210HG has its own canonical promoter region with increased reads for H3K4me3 at the 5=-end (Fig. 5B) . Its associated intronic microRNA-210 also overlapped with a region with higher H3K4me3 reads (Fig. 5B) . Linc-ATP13A4-8 overlapped with multiple active transcription marks in the kidney, including relatively high H3K4me3 reads at its 5=-end and increased H3K4me1 and high H3K27ac reads in other regions consistent with enhancer marks (Fig. 5C ). Linc-KIAA1737-2 also had active marks for transcription in or near its locus, with increased H3K4me3, H3K4me1, and H3K27ac reads (Fig. 5D ). This epigenetic landscape is consistent with active transcription at all three lncRNA loci, with possible enhancer regions near or at the genomic loci for linc-ATP13A4-8 and linc-KIAA1737-2.
DISCUSSION
LncRNAs are emerging as important regulators of cellular function, and their dysregulation can contribute to human disease (9, 12, 21, 22, 38, 43, 59 ). However, their role in kidney disease has not been widely studied, with little known about human-and kidney-specific lncRNAs. To gain insights into the lncRNA landscape in renal epithelial injury, we used RNA sequencing to study the human PTEC response to hypoxia and cytokine treatments, which induce quite distinct transcriptomic signatures in proximal tubule cells. We identified 667 lncRNAs expressed in human PTECs, with 100 of these lncRNAs being DE by hypoxia, whereas 106 lncRNAs were DE during exposure to exogenous cytokines. To our knowledge, this is the first study to provide a comprehensive profile of the lncRNA landscape in human renal epithelial cells with a specific focus on those that may be most relevant to kidney injury.
Although both hypoxia and inflammation contribute to acute and chronic renal injury, the transcription-level changes these Shown are expression levels of lncRNAs in human renal proximal tubules microdissected from healthy transplant kidney biopsies. FPKM, fragments per kilobase of exon per million reads mapped. stressors induce appear to be mostly unique to each insult, with only 18.7% of DE protein-coding genes and 7.2% of DE lncRNAs overlapping between the two transcriptomic profiles. Interestingly, protein-coding genes that are DE in both hypoxic and inflammatory transcriptomes are enriched in functional pathways of cell death, septic shock, and mitochondrial permeability, suggesting that genes modulated by both stress conditions are involved in important final common pathways of cellular injury. However, the majority of protein-coding genes DE during hypoxia fall into pathways of hypoxia-specific functions, such as anerobic metabolism, whereas cytokine treatment induced its own specific intracellular inflammatory response pathways predominantly not activated by hypoxia. In this protein-coding gene transcriptional context, lncRNAs are also differentially expressed with distinct signatures for hypoxia and cytokine stresses. DE lncRNAs are flanked by protein-coding genes enriched for functions specific to each stimulus (e.g., cellular differentiation and metabolism genes for hypoxia compared with inflammatory signaling genes for cytokine treatment). These trends, found through a "guilt by association" approach (53) , suggest that each stimulus has its own directly relevant lncRNA signature. Importantly, the presence of independent activating epigenetic marks at lncRNA loci both in our data set and in others (28, 38) suggests that the lncRNAs modulated by these stresses may play an active role in regulating nearby protein-coding genes rather than being mere transcriptional byproducts. Our results indicate that hypoxic and inflammatory conditions induce common pathways of cellular injury in addition to broadly distinct transcriptomic responses in PTECs, as expected based on published data in other cell systems (17) . This finding reveals the complex coding and noncoding transcriptional networks involved in different types of cell stress. In vivo, both systemic inflammation and regional hypoxia likely contribute in an additive or synergistic manner to acute and chronic renal injury, and we may expect the polyadenylated RNA fraction of an AKI kidney or a CKD kidney to include more overlap of the hypoxic and inflammatory transcriptomic profiles. An important future step would be to characterize the transcriptome of human AKI or CKD tissue to examine more closely how these coding and noncoding transcriptional pathways may intersect or diverge in renal diseases.
In moving from unbiased discovery in vitro to future profiling of the noncoding transcriptome in vivo, it is important to consider two hallmarks of lncRNAs (tissue specificity and species specificity) that bring to light the potentially pivotal importance of lncRNAs in human disease. Although Ͼ75% of the protein-coding genome is conserved between human and mouse, less than half of the noncoding transcriptome maintains this interspecies sequence conservation (26, 47, 61) . While prior traditional viewpoints have dismissed nonconserved transcripts as nonfunctional, lncRNAs with little sequence conservation but transcribed from syntenic regions (loci flanked by homologous protein-coding genes) have been found to play a role in critical processes such as embryonic development (61) . The limited level of lncRNA sequence conservation between the human and mouse may in part explain why responses to systemic inflammation, potentially regulated by lncRNAs (21, 28, 38, 53) , have species-specific features (54) . Therefore, the human specificity of many lncRNAs highlights the need for unbiased discovery and further study of noncoding transcripts specifically in human cells and tissue. In our kidney injuryfocused analyses, three lncRNAs identified as cytokine or hypoxia regulated in human PTECs showed a higher degree of expression in PTECs exposed to human septic AKI plasma rather than septic non-AKI or control plasma. This finding suggests the possible relevance of these three lncRNAs to PTEC injury. Although these differences in expression did not reach statistical significance, this interrogation was only one of several criteria used to prioritize these transcripts with human translational potential for further study. Notably, all three lncRNAs were expressed in human microdissected proximal tubules. While two of these three lncRNAs share sequence conservation in a small portion of the syntenic genomic region, these sequences do not overlap with the loci of known annotated mouse lncRNAs. If RNA sequencing had been performed on mouse cells or tissue instead of on human cells, these regions are unlikely to have been annotated as transcripts at all using current algorithms and standards.
Of the three lncRNAs highlighted in this study, all are expressed in the kidney, but only linc-ATP13A4-8 is annotated as kidney specific in Human Body Map LincRNAs (7). However, MIR210HG (excluded from the Human Body Map annotation as it did not meet criteria as a strictly "intervening" lincRNA) may have renal-specific function as microRNA-210, housed in its intron, is associated with AKI when abundant in the circulation (1, 42) . Although linc-KIAA1737-2 may not have had kidney-specific expression, its induction in PTECs by inflammatory stress supports a role in the kidney injury response; to date, its response to inflammatory stimuli has not been published for other human cell or tissues. However, consistent with potential kidney specificity of its response to stress, these lncRNAs are very lowly expressed in other cells and tissues. They were not induced in our own data sets of deeply sequenced adipose tissue and peripheral blood mononuclear cells obtained from healthy volunteers, who were subjected to experimental endotoxemia (data not shown) (41) .
Forming conclusions about the functions of these lncRNAs in human proximal tubules is beyond the scope of this study, but their expression patterns do suggest directions for further investigation. For example, MIR210HG initially follows a similar expression pattern to microRNA-210 but peaks at 24 h, suggesting that it may be part of and modulate the acute phase response during hypoxia. MicroRNA-210, a negative regulator of HIF-1␣ (62), continues to rise in expression at 48 h, consistent with its putative role in negative feedback on hy- poxia-induced pathways. Interestingly, microRNA-210 does not have a binding site on MIR210HG, and both transcripts have independent promoter marks in the human adult kidney, suggesting that although induced by the same stimulus, they may have independent roles in hypoxia and modulation of hypoxia-related injury. Future study of the nuclear protein interactions of MIR210HG will inform if it has a specific role in transcriptional regulation of HIF-1␣ target genes.
Like MIR210HG, linc-ATP13A4-8 (also annotated as lnc-CPN2-1) is induced by hypoxia. Furthermore, its expression is more abundant in human renal cell carcinoma tissue than in healthy renal tissue (5), consistent with a possible involvement in HIF-1␣ pathway modulation of tumor physiology through hypoxia and cell cycle dysregulation (35) . The mechanism of action of linc-ATP13A4-8 remains to be elucidated, but its overlap with strong enhancer marks in adult kidney chromatin immunoprecipation sequencing (37) suggests that it might play a regulatory role in the transcription of hypoxia-modulated target genes in renal cells. Although little is known of the function of linc-KIAA1737-2, its overlap with epigenetic marks in the kidney that are consistent with enhancer regions suggests its modulated expression and function in the renal epithelial inflammatory response. Our PTEC fractionation data suggest that MIR210HG and linc-KIAA1737-2 are located primarily in the nucleus, whereas linc-ATP13A4-8 is found in both the nucleus and cytoplasm. Thus, further nuclear focus and studies to probe these interactions of lncRNAs with human chromatin-and kidney stress-relevant transcription factors may provide insights on their role in the epigenetics of renal epithelial injury.
This study has several strengths. First, we provide novel unbiased data on the transcriptomic landscape of hypoxic and inflammatory stimulation of human renal epithelial cells not available through prior sequencing in mouse-focused injury models or in unstimulated noncancerous human renal epithelial cells. Our approach thus reveals hundreds of human kidneyrelevant noncoding elements, including those that are not highly conserved between species but may be functional in the human (26, 47, 61) . Second, we demonstrate that our renal epithelial cell lncRNAs prioritized for further validation are present in human proximal tubules and may be relevant to human disease and, thus, are poised for future human translational studies. Third, we performed careful evaluation of conservation and synteny of the prioritized lncRNAs to assess human specificity. Finally, we explored the human adult kidney epigenetic landscape of the prioritized lncRNA loci and determined that they are indeed located in regions of active transcription and regulatory activity in the human kidney.
Our study also has limitations. Our RNA sequencing "discovery" used in vitro cell models of injury that may not capture the full transcriptomic response of human PTECs in vivo. However, our data suggest that RNA sequencing of multiple cells, tissues, and models of relevance to human kidney physiology and disease is worth pursuing as it is likely to reveal a great wealth of information regarding kidney lncRNAs and their potential regulatory roles in renal disease. In this study, we leveraged publicly available annotations of lncRNAs; although this has the advantage of focusing on an existing set of rigorously defined lncRNAs, performing our own de novo assembly may capture additional previously unrecognized kidney-specific lncRNAs. Finally, this study does not define the molecular functions of lncRNAs in PTECs and their possible mechanisms in kidney disease. Rather, our work provides the context and framework from which lncRNAs can be prioritized and future mechanistic studies can be pursued.
In summary, this study characterized the lncRNA landscape of human PTECs subjected to two separate stress conditions central to acute and chronic renal injury: hypoxia and inflammation. The lncRNA response echoes whole transcriptome patterns of distinct transcriptional signatures of each type of stimulation. With poor interspecies conservation, however, lncRNAs warrant specific study within human model systems of injury as their presence and potential regulatory roles in the kidney cell response to injury may be human specific. Future studies of lncRNAs in renal injury may provide a more complete understanding of the integrated genomic and transcriptomic processes that dictate human acute and chronic kidney diseases.
